Introduction
SHIP is an inositol 5-phosphatase that requires the presence of a phosphate on the D3 position of the inositol ring for substrate speci®city. Thus, only the soluble inositol-(1,3,4,5)-tetrakisphosphate and phosphatidylinositol-(3,4,5)-trisphosphate are hydrolyzed by SHIP Kavanaugh et al., 1996; Lioubin et al., 1996; Ware et al., 1996) . In addition to the inositol 5-phosphatase domain, SHIP also contains several regions involved in mediating protein/protein interactions. These include an N-terminal SH2 domain, two NPXY motifs and several proline-rich sequences in the C-terminus of the protein that resemble SH3 binding sites Kavanaugh et al., 1996; Lioubin et al., 1996) . These features suggest that SHIP can directly participate in signal transduction pathways via its ability to interact with known signaling molecules.
Several studies have demonstrated that SHIP can be inducibly tyrosine phosphorylated and, subsequently, become associated with Shc in response to stimulation of certain cell types by cytokines and growth factors or by the co-aggregation of either antigen or Fc receptors with the inhibitory receptor Fcg RIIB (Damen et al., 1993 Kavanaugh and Williams, 1994; Lioubin et al., 1996; Liu et al., 1994; Saxton et al., 1994) . The ability of these stimuli to induce SHIP tyrosine phosphorylation and association with other cellular proteins may be the principal regulatory mechanism for SHIP function because the inositol 5-phosphatase domain appears to be constitutively active Kavanaugh et al., 1996; Lioubin et al., 1996) .
Recent observations have suggested a role for SHIP as a negative regulator of cellular responses to various stimuli. For example, overexpression of SHIP in several myeloid cell lines resulted in their growth inhibition after cytokine stimulation with IL-3 or M-CSF (Lioubin et al., 1996; Liu et al., 1997) . In one study, IL-3 dependent growth inhibition in the presence of SHIP appeared to be mediated by the induction of an apoptotic program within the cell . Other studies have implicated SHIP in down regulating B-cell proliferation and mast cell degranulation in response to co-ligation of the Fcg RIIB inhibitory receptor to the B-cell receptor or Fce RI, respectively (Ono et al., 1996 (Ono et al., , 1997 . Signaling by Fcg RIIB results in SHIP tyrosine phosphorylation and association with the phosphorylated immunoreceptor tyrosine-based inhibitory motif (pITIM) within the cytoplasmic tail of this inhibitory receptor (Chacko et al., 1996; D'Ambrosio et al., 1996; Fong et al., 1996 , Ono et al., 1996 , Tridandapani et al., 1997a . The association between catalytically active SHIP and Fcg RIIB is both necessary and sucient for the observed inhibition of B-cell proliferation in response to negative signaling by this inhibitory receptor (Ono et al., 1997) . Mice with a targeted disruption of the SHIP gene have a reduced number of B cells and an overall increase in basal serum immunoglobulin levels highlighting the importance of this inositol phosphatase in B-cell receptor inhibitory signaling (Liu et al., 1998a) .
While it is clear that expression of catalytically active, tyrosine phosphorylated SHIP can inhibit cellular growth in multiple lines, the contribution of this inositol phosphatase to the dierentiation process in hematopoietic cells remains largely unde®ned. This study examines the ability of exogenously expressed SHIP to aect hemin-stimulated erythroid differentiation of the K562 erythroleukemia cell line. Stable expression of SHIP resulted in decreased hemoglobin protein and e-globin mRNA synthesis compared to the parental K562 line during hemin-induced erythrocytic dierentiation suggesting that SHIP can negatively regulate the dierentiation program in these cells.
Results

SHIP protein is absent in the K562 erythroleukemia cell line
To determine the expression pattern of SHIP, a rabbit polyclonal antibody was generated to amino acids 142 ± 239 of the human SHIP protein. Using this antibody for immunoblot analysis, SHIP was readily detected in a variety of hematopoietic derived cell lines including those of erythroid, myeloid, B-lymphoid and T-lymphoid lineages as well as in peripheral blood leukocytes isolated from normal individuals and leukemia patients (data not shown). SHIP was not detected in any of the non-hematopoietic cell lines tested con®rming the hematopoietic speci®c pattern of expression shown by others (Lioubin et al., 1996; Liu et al., 1998b; Ware et al., 1996) . The K562 erythroleukemia cell line was unique among those hematopoietic cell lines examined in that it displayed no detectable SHIP expression ( Figure 1a , lane 4). This observation did not re¯ect a characteristic of the cell type because HEL cells express abundant levels of the SHIP protein ( Figure 1a , lane 1). Equivalent levels of Grb-2 demonstrated that sucient levels of total protein derived from the K562 cell lysate were tested (Figure 1b) . Examination of mRNA by Northern blot analysis indicated that no SHIP message was detectable in the K562 cell line (data not shown).
Exogenously expressed SHIP is constitutively tyrosine phosphorylated and associates with both Shc and Grb-2 in K562 cells
The lack of endogenous SHIP expression in K562 cells provided an in vitro system to dissect the signaling properties of this protein. Cell lines stably expressing variable levels of the wild-type SHIP protein were derived from K562 cells following electroporation of SHIP-expressing plasmids. SHIP expression in these lines was characterized by immunoblot analysis ( Figure  2a , lanes 2 ± 6). Equivalent amounts of endogenous Shc con®rmed that the dierences observed in SHIP expression did not simply re¯ect unequal protein levels ( Figure 2b , lanes 2 ± 6). High levels of SHIP protein did not alter the doubling time of K562 cells suggesting that SHIP expression was insucient to aect the growth parameters of this cell line (data not shown).
Previous studies have demonstrated that overexpression of p210 BCR/ABL in certain hematopoietic cell lines can result in constitutive SHIP tyrosine phosphorylation and association with Shc and Shp-2 (Matsuguchi et al., 1994; Sattler et al., 1997) . Because the K562 cell line is transformed by p210 BCR/ABL (Grosveld et al., 1986) , the tyrosine phosphorylation status of SHIP was examined in the stable cell lines overexpressing the wild-type phosphatase. SHIP was immunoprecipitated from the K562 stable cell lines expressing low, intermediate or high levels of SHIP and subjected to immunoblot analysis with either an anti-SHIP or antiphosphotyrosine antibody. Constitutively tyrosine phosphorylated SHIP could be detected only in the three cell lines that express high levels of SHIP ( Figure  2d , lanes 2 ± 6), despite the presence of this protein in each immunoprecipitate ( Figure 2c , lanes 2 ± 6). This suggests that a critical threshold of SHIP expression is required either for SHIP to be phosphorylated or for detection of tyrosine phosphorylation. Previous studies have suggested that SHIP tyrosine phosphorylation is required for its ability to interact with Shc and induce apoptosis (Lamkin et al., 1997; Liu et al., 1997) . Therefore, the SHIP-4, SHIP-9 and SHIP-13 cell lines were selected for further characterization.
Given that SHIP is tyrosine phosphorylated in K562 cells and the parental line is transformed by p210 BCR/ABL (Grosveld et al., 1986) , the ability of these two proteins to interact was addressed by co-immunoprecipitation with either SHIP antisera or a c-Abl antibody which crossreacts with the 210 BCR/ABL fusion protein. SHIP was weakly associated with endogenous 210 BCR/ABL in the SHIP-expressing stable cell lines ( Figure 3a , lanes 2 ± 4 vs 6 ± 8). Accordingly, a small amount of p210 BCR/ ABL could also be detected in SHIP immunoprecipitates ( Figure 3b , lanes 2 ± 4 vs 6 ± 8). Eighty micrograms of each lysate was electrophoresed on a 7.5% polyacrylamide gel and subsequently immunoblotted with either the SHIP antisera (a) or the rabbit polyclonal Grb-2 antisera (b). The position of SHIP and Grb-2 are indicated SHIP can inducibly interact with Shc in multiple hematopoietic systems in response to several cytokines, growth factors or by antigen receptor crosslinking (Damen et al., 1993 Kavanaugh and Williams, 1994; Lioubin et al., 1996; Saxton et al., 1994) . In addition, in vitro studies have demonstrated that SHIP can associate with Grb-2 Jeerson et al., 1997; Kavanaugh et al., 1996; Osborne et al., 1996) . The ability of these adaptor proteins to interact with SHIP in K562 cells was examined by coimmunoprecipitation studies with anti-SHIP or antiShc antibodies. SHIP was eciently co-immunoprecipitated with Shc in all three cell lines expressing high levels of SHIP but not in the parental K562 cells despite the fact that equivalent levels of Shc were observed in each immunoprecipitate (Figure 4a ,b, and lanes 5 ± 8). Shc could not be co-immunoprecipitated from either the parental or SHIP expressing cell lines using SHIP antisera (Figure 4a ,b, and lanes 1 ± 4). This suggests that the SHIP antisera, which recognizes an epitope just downstream of the SH2 domain, may disrupt the complex between these two proteins. SHIP was also tested for its ability to bind Grb-2 by reciprocal co-immunoprecipitation. A small portion of endogenous Grb-2 could be immunoprecipitated with SHIP from the K562 stable cell lines (Figure 4d , lanes 1 ± 4 vs lanes 6 ± 8). In contrast to this result, SHIP was readily detectable co-immunoprecipitating with Shc ( Figure 4a , lanes 2 ± 4 vs lanes 6 ± 8). SHIP was undetectable in Grb-2 immunoprecipitates re¯ecting the inability of the Grb-2 antibody to co-precipitate complexes of these two proteins (Figure 4c , lanes 6 ± 8).
SHIP inhibits erythroid dierentiation of K562 cells in response to hemin stimulation
To examine the role of SHIP in dierentiation, SHIP expressing K562 cells were stimulated with hemin, a potent activator of erythroid dierentiation of this cell line (Benito et al., 1996) . To quantitatively assess the degree of erythroid dierentiation in the parental and SHIP expressing K562 cells, the production of hemoglobin was measured spectrophotometrically following hemin stimulation (Feinstein et al., 1992) . The results of triplicate experiments indicated that, following hemin stimulation, the SHIP expressing cells and ®ve SHIP expressing cell lines (lanes 2 ± 6) was immunoprecipitated (IP) using SHIP antisera. The immunoprecipitates were divided into two equal aliquots, electrophoresed on a 7.5% polyacrylamide gel and immunoblotted (BLOT) with SHIP antisera (c) or a mouse monoclonal antibody speci®c for phosphotyrosine (d). The position of the SHIP and Shc proteins are indicated synthesized lower levels of hemoglobin than the parental K562 cell line ( Table 1 ). The level of hemoglobin in the SHIP-expressing lines varied from 35 ± 46% of the level observed in the K562 cells. As expected, hemoglobin was undetectable by this assay in either the parental or SHIP expressing K562 cells in the absence of hemin (data not shown). K562 cells stimulated with hemin transcribe primarily embryonic and fetal globins, including epsilon globin (e-globin), and little or no adult globin mRNA is produced (Charnay and Maniatis, 1983) . To determine whether SHIP was speci®cally down regulating hemoglobin mRNA induction in response to hemin stimulation, total e-globin mRNA levels were quantitated by Northern analysis after normalization of total mRNA with an actin speci®c probe. Consistent with the spectrophotometric data, the level of e-globin mRNA in the SHIP expressing cells was 32 ± 43% of the level observed in the parental K562 cell line after 3 days of hemin stimulation ( Figure 5a ,b and lanes 5 ± 8). eglobin mRNA levels remained unaltered between the parental and SHIP expressing cells in the absence of hemin ( Figure 5a ,b and lanes 1 ± 4). The presence of eglobin transcript in unstimulated K562 cells has previously been documented (Benito et al., 1996) , despite the inability to detect hemoglobin protein (Table 1) . This discrepancy either re¯ects the low level of hemoglobin produced, which lies below the detection limit of the assay, or the fact that the e-globin mRNA is not translated.
Two distinct possibilities exist that could account for the decrease in hemoglobin synthesis in the SHIP expressing K562 cells in response to hemin stimulation. First, SHIP may be indirectly lowering the hemoglobin levels by adversely aecting cell viability in response to hemin. Previous studies have shown that SHIP overexpression can activate an apoptotic pathway in DA-ER myeloid cells in response to IL-3 . Second, SHIP may actively participate in the observed decrease in globin expression by negatively regulating the pathways which are responsible for erythroid dierentiation. To distinguish between these two possibilities, cells were stained with Trypan blue to quantitate the percentage of non-viable cells after incubation with hemin. Fewer SHIP expressing cells stained positive for Trypan blue compared to the parental K562 line, suggesting that SHIP did not mediate the observed decrease in globin synthesis by reducing cell viability (Table 2 ). In accordance with this data, genomic DNA isolated from SHIP expressing cells stimulated with hemin was intact and did not exhibit the DNA laddering pro®le consistent with cells undergoing apoptosis (data not shown). Furthermore, following 3 days of hemin stimulation, approximately twofold more SHIP expressing cells were present when compared to the parental line (data not shown). Taken together, these data demonstrate that SHIP does not activate an apoptotic pathway in response to hemin stimulation. Rather, it is possible that SHIP is aecting globin synthesis by down regulating the signals that promote hemin-induced erythroid dierentiation of K562 cells.
The inositol 5-phosphatase domain of SHIP contributes to its ability to downregulate erythroid dierentiation
To de®ne the functional domains within SHIP that are responsible for inhibiting hemin induced dierentiation of K562 cells, several mutations were introduced into the SHIP cDNA to produce altered SHIP proteins. These included a deletion of the entire amino terminal SH2 domain (DSH2), a point mutation changing the conserved aspartate within the DRVL motif of the 5-phosphatase domain to an alanine residue (D672A) and a point mutation changing the tyrosine within the NPNY and NPLY motifs, either individually or together, to phenylalanine residues (NPNF, NPLF, N/L) ( Figure 6 ).
The catalytically inactive SHIP mutant (D672A) previously has been shown to lack enzymatic activity towards either Ins (1,3,4,5,)P 4 or PtdIns(3,4,5)P 3 but still bind Grb-2 in vitro (Jeerson et al., 1997; Jeerson and Majerus, 1996) . The eect of this mutation on SHIP tyrosine phosphorylation and its ability to bind Shc were examined to ensure that the D672A mutant is not compromised in these processes. SHIP-D672A expressing cell lines were generated and two cell lines were selected for further study based on comparable expression levels to those observed in the wild-type SHIP lines (Figure 7a ). The SHIP protein was immunoprecipitated from both wild-type and D672A expressing cells and immunoblotted with phosphotyrosine antibodies to examine the phosphorylation status of the SHIP-D672A mutant. The D672A mutant was found to be tyrosine phosphorylated at levels similar to the wild-type SHIP protein (Figure 7b ). In addition, co-immunoprecipitation with Shc revealed that similar levels of both the wild-type and D672A SHIP proteins were complexed with endogenous Shc (Figure 7c) . Therefore, the catalytically inactive SHIP-D672A mutant retains the ability to bind and potentially regulate the Shc and Grb-2 adaptor proteins.
To determine the importance of an intact catalytic domain for K562 erythroid dierentiation, K562 cells and derivatives expressing wild-type SHIP or the SHIP-D672A mutant were stimulated with hemin and the levels of e-globin message were quantitated. Cells Three independent experiments were conducted in which parental and SHIP expressing K652 cell lines were seeded at 1610 5 cells/ml and cultured for 24 h prior to stimulation with 50 mM hemin for 3 days. Total cell lysates were prepared from each cell line and the amount of hemoglobin present in each lysate was calculated spectrophotometrically using puri®ed human hemoglobin as a standard. SHIP inhibits K562 erythroid differentiation J Siegel et al expressing the D672A mutant expressed reduced levels of e-globin in response to hemin in comparison to K562 cells; however, the reduction of e-globin mRNA level was less than observed for cells expressing wildtype SHIP. Relative to the K562 parental cells, e-globin mRNA levels in SHIP expressing cells were 26 ± 40% and 60% in the D672A expressing cells (Figure 8 ). The levels of e-globin transcript in the absence of hemin were similar among the majority of cell lines tested, and the variability observed between the two D672A mutant cell lines disappeared after hemin stimulation. These results suggest that an intact catalytic domain contributes but does not fully account for the ability of SHIP to downregulate hemin-induced erythroid differentiation.
The SH2 and NPLY motif of SHIP contribute to downregulation of erythroid dierentiation SHIP is thought to participate in signaling pathways through protein ± protein interactions mediated by its SH2 domain and NPXY motifs. To address whether these interaction motifs are required for SHIP's ability to aect erythroid dierentiation, mutants in the SH2 domain (DSH2) and NPXY motifs (NPNY, NPLY, N/ L) were tested. K562 cell lines stably overexpressing each of these mutants were generated and, for each mutant, two cell lines were selected based on comparable levels of expression to the wild-type SHIP 5) and three SHIP expressing cell lines (lanes 2 ± 4 and 6 ± 8) was prepared from cells incubated in the absence (lanes 1 ± 4) or presence (lanes 5 ± 8) of 50 mM hemin for 3 days. Ten micrograms of RNA was electrophoresed through a formaldehydeagarose gel and subjected to Northern blot analysis using the full-length e-globin cDNA as a probe. The membrane was then stripped and reprobed with an actin cDNA to normalize for RNA levels. (b) The e-globin and actin signals from several experiments were quantitated by phosphorimager analysis. To calculate the levels of e-globin mRNA present, the globin/actin ratio was ®rst determined to control for variations in RNA loading. The globin levels from these normalized values were then compared to yield per cent globin mRNA synthesis relative to parental K562 cells. Values given represent the mean over two (without hemin) or three (with hemin) independent experiments and error bars are included to indicate standard deviations expressing cell lines (Figure 9a ). Levels of tyrosine phosphorylation were signi®cantly decreased with the DSH2, N/L and NPLF mutants when compared to wild-type SHIP (Figure 9b , lanes 1 ± 3 vs 4 ± 7, 10 and 11). In contrast, wild-type SHIP and the NPNF mutant were similarly tyrosine phosphorylated suggesting that the tyrosine residue within the NPNY motif is not a major substrate for tyrosine kinase(s) in K562 cells (Figure 9b , lanes 1 ± 3 vs 8 and 9). Furthermore, the ability of these SHIP mutants to form stable interactions with endogenous Shc coincided with the extent to which they were tyrosine phosphorylated. SHIP was undetectable in Shc immunoprecipitates from cells expressing the DSH2 and N/L mutants, while SHIP-NPLF displayed reduced Shc binding (Figure 10b , compare lanes 1 ± 3 with 4 ± 7, 10 and 11). Conversely, SHIP-NPNF associated with Shc as eciently as the wild-type protein (Figure 10b , compare lanes 1 ± 3 with 8 ± 9). The dierential capacity of various SHIP proteins to associate with Shc did not re¯ect dierences in the levels of either protein in the lysates (Figure 10a,c) . The mutations within the SH2 domain, NPNY or NPLY motifs had no eect on the ability of SHIP to bind Grb-2 ( Figure  11 ). These data demonstrate that although the SH2 domain and NPLY motif of SHIP are required for it to remain constitutively tyrosine phosphorylated and eciently associated with Shc, the NPNY motif is dispensable for such functions in the K562 erythroleukemia cell line.
To determine whether SHIP must retain an intact Shc binding site to mediate its eects on hemin- stimulated erythroid dierentiation, cell lines expressing the DSH2, N/L, NPNF and NPLF SHIP mutants were examined for induction of e-globin mRNA relative to parental and wild-type SHIP expressing cells. While the wild-type SHIP expressing cells contained 19 ± 28% of e-globin mRNA level relative to the K562 parental line, the DSH2, N/L and NPLFexpressing cells had levels of 35 ± 50, 53 ± 55 and 80 ± 147%, respectively, suggesting that each of these mutations adversely aected the eects of SHIP on erythroid dierentiation (Figure 12 ). In contrast, the NPNF mutant cell lines contained approximately 30% of the e-globin mRNA compared to the parental line, similar to values obtained with wild-type SHIP expressors (Figure 12) . The large increase in the amount of e-globin message in the NPLF cell lines re¯ected the high basal level of this transcript (3 ± 4-fold) relative to the wild-type SHIP expressing cells, although the reason for the elevated levels of basal eglobin transcript in these cell lines is not understood. No signi®cant dierences in e-globin mRNA expression were observed in the other mutant cell lines ( Figure  12 ). This data suggests that the SH2 domain and NPLY motif partially contribute to the ability of SHIP to downregulate hemin induced e-globin synthesis in K562 cells but the NPNY motif is dispensable. Given that the ability of these mutant SHIP proteins to induce an eect correlates with their capacity to bind Shc, regulation of Shc signaling by SHIP may be necessary to impair erythroid dierentiation in K562 cells.
Discussion
SHIP is a member of the inositol 5-phosphatase family with an expression pattern that is restricted largely, if not exclusively, to hematopoietic cells. Our present results and the work of others (Lioubin et al., 1996; Liu et al., 1998b; Ware et al., 1996) , support a role for SHIP in a broad range of hematopoietic cell lineages but not in non-hematopoietic cells where its expression is undetectable. The K562 erythroleukemia cell line is exceptional in that it contains no detectable SHIP protein or mRNA. An explanation for the absence of SHIP in these cells is not apparent but it may re¯ect loss of SHIP expression either during the leukemogenic process or during establishment of the K562 cell line.
K562 cells can be readily dierentiated into erythroid lineages with hemin providing a model system for examining the contribution of SHIP to the process of erythroid dierentiation (Benito et al., 1996;  Figure 7 SHIP-D672A is constitutively tyrosine phosphorylated and associates with Shc in K562 cells. Two milligrams of total cell lysate from three stable cell lines expressing the wild-type SHIP protein (lanes 1 ± 3) and two cell lines expressing the D672A mutant (lanes 4 and 5) were immunoprecipitated (IP) in duplicate with SHIP antisera. The immunoprecipitates were electrophoresed on a 7.5% polyacrylamide gel and immunoblotted (BLOT) with SHIP antisera (a) or a mouse monoclonal antibody speci®c for phosphotyrosine (b). (c) Immunoprecipitates were also performed as outlined in (a) using the rabbit polyclonal Shc antibody and subjected to immunoblot analysis with SHIP (c) or the mouse monoclonal Shc antibody (d). The position of both SHIP and Shc are indicated Nishimura et al., 1988; Okabe-Kado et al., 1986) . Although erythropoietin is thought to be the principal regulator of erythroid dierentiation in vivo (Wu et al., 1995) , K562 cells are signi®cantly more responsive to hemin and respond very poorly to erythropoietin (Kubota et al., 1996) . Our results suggest that SHIP can down regulate hemin-induced erythroid differentiation in K562 cells. Activation of the erythropoietin receptor (EpoR) by the glycoprotein hormone erythropoietin (EPO) represents the primary mechanism that controls both proliferation and dierentiation of late erythroid precursors (CFU-E) in vivo (Schaefer et al., 1997; Ware et al., 1996) . SHIP becomes tyrosine phosphorylated and associates with Shc in both DA-ER and MO7-ER cells stimulated with EPO, placing this phosphatase downstream of the activated Epo receptor (Damen et al., 1993) . In vivo evidence that this protein is necessary for the proper regulation of erythropoiesis has come from studies in the mouse. Reduced numbers of late stage erythroid (CFU-E) progenitors were observed in mice bearing a homozygous deletion of the SHIP gene . Taken together with our data, it appears that SHIP can negatively regulate erythroid dierentiation of progenitor cells at multiple stages and its absence can perturb the normal dierentiation program.
Expression of SHIP did not alter the growth parameters of K562 cells nor was viability aected before or following hemin stimulation. Previous studies have found that overexpression of SHIP could aect both growth and viability of other cell types in response to cytokine stimulation (Lioubin et al., 1996; Liu et al., 1997) . The consequences of SHIP expression in the cell lines used in these studies may re¯ect the dierent properties of the cell lines or, alternatively, SHIP-induced apoptosis may be speci®c to cytokine stimulation and is not triggered by hemin stimulation. K562 cell express high levels of 210 BCR/ABL (Grosveld et al., 1986) 1 and 7) , three wild-type SHIP expressing cell lines (lanes 2 ± 4 and 8 ± 10) and two cell lines expressing the D672A mutant (lanes 5,6,11 and 12) following 3 days incubation in the absence (lanes 1 ± 6) or presence (lanes 7 ± 12) of 50 mM hemin. Ten micrograms of total RNA was electrophoresed and subjected to Northern blot analysis using the full-length e-globin cDNA as a probe. The membrane was then stripped and reprobed with an actin cDNA to normalize for RNA levels. (b) The e-globin and actin signals from several experiments were quantitated by phosphorimager analysis. Normalized values as described in legend for Figure 5 were compared to those obtained from K562 cells. Values given represent the mean over two (without hemin) or three (with hemin) independent experiments and error bars are included to indicated standard deviations. The value for the D672A-15 line after hemin stimulation is represented by two independent experiments association with Shc and Shp2. In the parental lines, SHIP was inducibly tyrosine phosphorylated and bound to Shc and Shp2 only following cytokine stimulation (Matsuguchi et al., 1994; Sattler et al., 1997) . This suggests that expression of p210 BCR/ABL is sucient to cause constitutive tyrosine phosphorylation of SHIP in myeloid cells. The interaction of SHIP and p210 BCR/ABL may also sequester this tyrosine kinase from the cellular machinery during hemin-induced erythroid dierentiation of K562 cells. This is unlikely given that both p210 BCR/ABL mRNA and protein levels are decreased in K562 cells following hemin stimulation (Leibowitz et al., 1991; Nishimura et al., 1988) .
Our results suggest that SHIP interferes with dierentiation of K562 cells through multiple pathways. An inactivating mutation within the SHIP 5-phosphatase catalytic domain (D672A) (Jeerson et al., 1997; Jeerson and Majerus, 1996) only partially reduced hemin-stimulated globin synthesis of K562 cells in comparison to wild-type SHIP. Similarly, mutations aecting the SH2 domain or Y1021 (NPLY motif) partially aected the SHIP inhibitory function. These observations suggest that signals emanating from the SH2 and NPLY regions contribute to the negative eects exerted by SHIP, presumably through interactions with signaling proteins. Furthermore, these mutants were not eciently tyrosine phosphorylated nor did they associate with Shc, highlighting the importance of the Shc binding site to this dierentiation pathway. The Shc adaptor protein represents a key positive regulator of ras function through its association with Grb-2 (Salcini et al., 1994) . The interaction between SHIP and Shc may eectively sequester these adaptor proteins, resulting in the down modulation of ras activity. In this regard, the SHIP/Shc interaction previously has been shown to reduce activation of the ras pathway (Liu et al., 1994; Tridandapani et al., 1997b) . The involvement of ras in erythropoiesis is suggested by many in vitro models for erythroid dierentiation. For example, a mutant variant of the J2E murine erythroleukemia cell line which does not undergo erythropoietin-induced dierentiation also is resistant to erythropoietin stimulated MAP kinase activation which, in turn, requires ras activation (Tilbrook et al., 1996) . Supporting this model is the observation that HEL human erythroleukemia cells stimulated with erythropoietin undergo a ®vefold increase in the levels of GTP-bound ras (Torti et al., 1992) . Dierentiation of K562 cells into megakaryocyte and erythroid Figure 9 An intact SH2 domain and NPLY motif are required tyrosine phosphorylation of SHIP. Two milligrams of total cell lysate from three wild-type SHIP expressing cell lines (lanes 1 ± 3) and two cell lines expressing either the DSH2 mutant (lanes 4 and 5), N/L mutant (lanes 6 and 7), NPNF mutant (lanes 8 and 9) or NPLF mutant (lanes 10 and 11) were immunoprecipitated (IP) in duplicate with SHIP antisera. The immunoprecipitates were electrophoresed on a 7.5% polyacrylamide gel and immunoblotted (BLOT) with SHIP antisera (a) or a mouse monoclonal antibody speci®c for phosphotyrosine (b). The position of SHIP is indicated lineages, by phorbol ester or sodium butyrate, respectively, also results in MAP kinase activation (Racke et al., 1997; Rivero and Adunyah, 1996; Whalen et al., 1997) . Moreover, a block of phorbol ester-induced megakaryocyte dierentiation by incubation with a synthetic inhibitor of MEK1 (MAPK kinase) can be overcome by overexpression of a constitutively active MEK1 molecule indicating that the MAP kinase pathway is critical to the differentiation program in these cells (Racke et al., 1997; Whalen et al., 1997) .
The ability of the DSH2, NPLF and N/L mutants to remain constitutively bound to Grb-2 suggests that these molecules are not completely de®cient in their ability to aect ras function. However, it is apparent that a signi®cant amount of the wild-type SHIP is associated with endogenous Shc while only a very small percentage of Grb-2 within the cell is constitutively bound to SHIP. Therefore, the interaction of SHIP with Shc may represent the major contributing factor through which SHIP inhibits the ras pathway in K562 cells.
The SHIP phosphatase domain recognizes both inositol-1,3,4,5-tetrakisphosphate (IP 4 ) and phosphatidylinositol-3,4,5-trisphosphate (PIP 3 ) as substrates Kavanaugh et al., 1996; Lioubin et al., 1996) . Hemin-induced erythroid dierentiation of K562 cells is resistant to prolonged wortmannin treatment, an inhibitor of phosphatidylinositol-3 kinase (Kubota et al., 1996) . This result suggests that modulation of PIP 3 function by SHIP may not be critical in the negative regulation of erythroid dierentiation. Instead, the inositol 5-phosphatase domain of SHIP may contribute to the reduced levels of globin synthesis by controlling IP 4 levels within the cell. A role for IP 4 in extracellular calcium in¯ux by capacitative calcium entry has been inferred based on patch clamp studies demonstrating that IP 4 can promote extracellular calcium entry by increasing the frequency of Ca 2+ channel opening on the plasma membrane (Luckho and Clapham, 1992) . Therefore, hydrolysis of IP 4 within the cell by SHIP may be a mechanism for preventing the sustained in¯ux of extracellular calcium entry and eventually restoring basal intracellular calcium levels. The ability of SHIP to inhibit increased Ca 2+ entry from external pools potentially could contribute to its negative regulatory eects on erythroid dierentiation. In this regard, incubation of human bone marrow cells with human EPO increased intracellular calcium levels (Schaefer et al., 1997) while a calcium chelator (EGTA) or calcium channel blocker inhibited EPO dependent proliferation of erythroid progenitor cells (Mason-Garcia and Beckman, 1991) . Mobilization of extracellular calcium into murine erythroleukemia cells by the calcium ionophore ionomycin was sucient to increase hemoglobin gene expression (Hensold et al., 1991) . Consistent with this model are studies suggesting that SHIP can negatively regulate in¯ux of extracellular calcium by in¯uencing PIP 3 levels in other signaling systems (Bolland et al., 1998; Huber et al., 1998; Scharenberg et al., 1998) .
An emerging view supports a role for SHIP in negatively regulating the proliferation and function of hematopoietic cells in response to various stimuli (Lioubin et al., 1996; Liu et al., 1997; Ono et al., 1996 Ono et al., , 1997 . Our results support a role for SHIP in the negative regulation of erythroid dierentiation potentially acting to balance the eects of positive signals for dierentiation.
Materials and methods
Plasmids
A partial human SHIP cDNA corresponding to nucleotides 340 ± 4831, including the 3' UTR, was isolated from a B leukocyte cDNA library (Stratagene). The 5' end was obtained by a reverse transcriptase-polymerase chain reaction (RT ± PCR) using poly(A) + selected Manca cell RNA as a template. The forward and reverse primers used in the RT ± PCR spanned nucleotides 1 ± 15 within the 5' UTR (AB9036-ATGGATCCGCCCGGCCGAGGAGG) and 423 ± 441 in the coding sequence of the human cDNA (AB9038 GGTAAGCTTCTCACAGGAGCTGGCAGTC), respec- tively. It should be noted that the ®rst nucleotide designated here corresponds to nucleotide 86 of the previously published SHIP sequence (Kavanaugh et al., 1996) . The full length SHIP cDNA was inserted into the BamHI site of the mammalian expression vector, pBPSTRI (Paulus et al., 1996) . A catalytically inactive SHIP molecule was generated by mutation of a highly conserved aspartic acid residue to alanine at position 672 in the phosphatase domain. Two polymerase chain reactions were ®rst performed with the following primer pairs: (1) AB7077: GCGACCGAGAC-CAGC (nt 478 ± 492) and AB10239: CTTCCAGAG-GACTCGGGCACACCAGGAAGGCAAG (2025 ± 2058) and (2) AB10238: CTTGCCTTCCTGGTGTGCCCGAG-TCCTCTGGAAG (nt 2025 ± 2058) and AB8113: GTGC-AGGGGCATTGG (nt 2791 ± 2809), using the human SHIP cDNA as a template. These PCR products were then gel puri®ed and used as templates in a second PCR with the AB7077/AB8113 primer pair. The ®nal product, containing the A2042C mutation, was rescued into the full-length SHIP cDNA as an EspI/NcoI fragment.
A similar PCR based strategy was employed to generate mutations resulting in tyrosine to phenylalanine substitutions in the NPNY and NPLY motifs. The NPNF mutation was constructed using the following primer pairs in the ®rst reaction: (1) AB7974: GTCTCCAAGAACGGTC (nt 2173 ± 2188) and AB10492: GCCCCACTCCCATGAAGTTG-GGGTTGATGATTTC (nt 2749 ± 2782) and (2) AB10491: GAAAT CATCAACCCCAACT T CA TGGGAGTG GGGC (nt 2749 ± 2782) and AB8069: CCTCCTGGGCTTTGG (nt 3212 ± 3226). The AB7974/AB8069 primer pair was used in the second round to create the A2768T point mutation (a Y914F substitution in the NPNY motif). To generate a Y1021F alteration in the NPLY motif, the two polymerase chain reactions initially performed were: (1) AB8068: GGAGATCAAGCTGCAG (nt 2571 ± 2586) and AB10724: GGAACTCA GGGACCCA A ACAGGGGGTTCTC AAAC (nt 3072 ± 3105) and (2) AB10723: GTTTGAGAACCCC-CTGTTTGGGTCCCTGAGTTCC (nt 3072 ± 3105) and AB9961: TTGCATGGCAGTCCTGCC (nt 3574 ± 3591). Primers AB8068/AB9961 were used in the second round to generate the A3089T mutation. A N/L double mutant also was generated by subcloning both the A2768T and A3089T mutations into the same SHIP cDNA.
To create the DSH2 mutant, a novel start methionine was introduced upstream of amino acid 103 of SHIP in the context of a Kozak consensus sequence (Kozak, 1989) . This deletion (resulting in loss of amino acids 1 ± 102) was created by PCR with oligonucleotide primers AB9963: CCGGATC-CACCATGCTGGAGGAAGAGGAC (nt 334 ± 348) and AB8118: GAGGGATAAGGGAGGG (nt 901 ± 916), using the full-length cDNA as a template.
The coding region of the human e-globin cDNA was isolated by RT ± PCR using the forward primer AB12580: ATGGTGCATTTTACTGC (nt 440 ± 456) and the reverse primer AB 12581: GTGGTACTTATGGGCC (nt 1842 ± 1857). The numbers listed in parentheses denote their nucleotide position within the e-globin gene (Baralle et al., 1980) . Total RNA isolated from K562 cells stimulated for 3 days with 50 mM hemin was used as template.
Cell culture
All cell lines were maintained in Dulbecco's Modi®ed Eagle's Medium (DMEM) supplemented with 10% fetal bovine Figure 12 The SH2 domain and NPLY motif contribute negative regulation of e-globin synthesis in response to hemin stimulation. RNA was prepared from parental K562 (lane 1), three wild-type SHIP expressing cell lines (lanes 2 ± 4) and two cell lines expressing either the DSH2 mutant (lanes 5 and 6), N/L mutant (lanes 7 and 8), NPNF mutant (lanes 9 and 10) or NPLF mutant (lanes 11 and 12) after 3 days incubation in the absence or presence of 50 mM hemin. Ten micrograms of total RNA was electrophoresed and subjected to Northern blot analysis with the full-length e-globin cDNA as a probe. The membrane was then stripped and reprobed with an actin cDNA to normalize for RNA levels. The e-globin and actin signals from several experiments were quantitated by phosphorimager analysis. Normalized values were calculated as described in the legend for Figure 5 and compared to those obtained from K562 cells. Values given represent the mean over two (without hemin) or three (with hemin) independent experiments and error bars are included to indicate s.d. serum (FBS), penicillin, streptomycin and fungizone, with the exception of KG1 cells which were grown in Iscoves media containing 20% FBS (Gibco ± BRL). K562 cells were purchased from American Tissue Type Collection (Rockville, MD, USA).
K562 stable cell lines overexpressing either the wild-type or various SHIP mutants were generated by electroporation as previously described with minor modi®cations (Benito et al., 1996) . Brie¯y, 10 7 cells were rinsed three times in sterile 1X PBS, resuspended in 1 ml of PBS containing 100 mg of the plasmid of interest and subjected to electroporation at 400 V, 500 mF. One tenth of the cells were then plated into media containing 2 mg/ml puromycin and maintained in culture for 2 weeks to select for resistant colonies. Every 3 days the cells were resuspended in fresh media containing puromycin. Stable cell lines were generated by isolating single cells and expanding them into cell lines.
To induce globin synthesis in the parental K562 and SHIP expressing derivative cell lines, the cells were seeded at an initial density of 1610 5 cells/ml, allowed to recover for 24 h, then stimulated with 50 mM hemin for 3 days. Trypan blue staining was performed to determine the percentage of cell death after a 72 h incubation period with hemin. The ratio of the Trypan blue positive cells to the total number counted was calculated, providing an estimate for the degree of cell death in response to hemin.
Northern blot analysis
Total RNA was isolated from the various cell lines using Trizol reagent according to manufacturer's instructions (Gibco ± BRL) and RNA yield was determined by A 260 . Ten micrograms of total RNA was electrophoresed and subjected to Northern blot analysis by hybridizing with a human eglobin probe. The probes used for Northern blot analyses were generated by the incorporation of [a 32 P]-dCTP (NEN) using a random priming labeling kit (Gibco ± BRL). The fulllength e-globin cDNA was used while the a-actin probe was excised from the vector pHMaA-1 as a HindIII/XbaI fragment (Gunning et al., 1983; Okayama and Berg, 1982) .
Quanti®cation of the globin and actin signals was determined by phosphorimager analysis and a globin to actin ratio was obtained to normalize for the RNA levels from each sample. After accounting for variability in RNA loading, a ratio of the relative levels of globin message in the SHIP expressing cell lines compared to parental K562 cells was calculated.
Antibodies, immunoprecipitation and immunoblotting
